Lecithin-dependent haemolysin (LDH) of Vibrio puruhuemolyticus was purified from Escherichia coli C600 transformed with a plasmid (pHL591) ligated with a 1.5 kb DNA fragment of V. puruhuemolyticus. The final preparation comprised two LDH proteins with different molecular masses which were immunologically crossreactive and had the same enzymic activity. The LDH was a phospholipase hydrolysing both fatty acid esters of phospholipid, i.e. it hydrolysed phosphatidylcholine (PC) to lysophosphatidylcholine (LPC) and then LPC to glycerophosphorylcholine (GPC). From this point of view, LDH should be classified as a phospholipase B.
Introduction
Vibrio parahaernolyticus is a slightly halophilic bacterium and a major causative agent of food poisoning in Japan. Although several kinds of haemolysins have been reported as potential pathogenic factors, the actual cause of the diarrhoea has not been clarified. Among these haemolysins, thermostable direct haemolysin (TDH) is the best-documented toxin, and is well known as the causative agent of Kanagawa phenomenon, a haemolysis on a blood-agar medium caused by pathogenic strains of the vibrio (Sakazaki et al., 1968; Miyomoto et al., 1969; Miwatani & Takeda, 1976) . TDH-related haemolysins produced by KP-negative strains of V . parahaemolyticus (Honda et al., 1988 (Honda et al., , 1989 or vibrios other than V . parahaemolyticus (Yoh et al., 1986a, b) have also been reported. Delta-VPH is a haemolysin produced by a Abbreviations: GPC, glycerophosphorylcholine; LDH, lecithindependent haemolysin; LPC, lysophosphatidylcholine; PC, phosphatidylcholine; PLase, phospholipase.
The amino acid sequence data reported in this paper have been submitted to PIR and have been assigned the accession number A39996 [LDH(S)] and B39996 [LDH(L)I. strain of Escherichia coli transformed by a plasmid containing a DNA fragment of V . parahaemolyticus, but the production of delta-VPH by the donor vibrio has not been demonstrated (Taniguchi et al., 1990) .
Yanagase et al. (1970) reported a haemolytic factor of V . parahaemolyticus which was activated by the addition of lecithin (phosphatidylcholine) and was denoted as lecithin-dependent haemolysin (LDH). We purified LDH from a culture supernatant of V. parahaemolyticus, but the yield of the final preparation was too small to allow its characterization. In the course of cloning the TDH gene of V . parahaemolyticus, Taniguchi et al. (1985, 1986 ) obtained a transformant [E. coli C600(pHL591)] producing LDH, which was designated as thermolabile haemolysin in their paper. The transformant has a 1.5 kb HindIII-HincII DNA fragment of V. parahaemolyticus and produces LDH using the endogenous vibrio promoter. We found that LDH produced by the transformant is localized in the periplasmic space of the cell and is easily released by osmotic shock treatment. Thus, we could obtain an LDH fraction with high specific activity. This paper shows the existence of two immunologically crossreactive LDH molecules and the atypical property of LDH as a phospholipase (PLase).
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Methods
Pur$cation of LDH. LDH was purified from a periplasmic fraction of the transformant E. coli C600(pHL591) (Taniguchi et al., 1986) . The seed inoculum was prepared by cultivating the cells in 5 ml heart infusion (HI) broth (Difco) at 37 "C overnight without shaking, and inoculated into 500 ml HI broth. Cultivation was carried out at 37 "C for 16 h with shaking (80 cycles min-I). The cells were harvested and washed with saline by centrifugation at 7000g for 40 min. A periplasmic fraction was obtained by an osmotic shock method described by Neu & Heppel (1965) . Briefly, the washed cell pellet obtained from 3 1 of the culture was suspended in 100 ml cold water. The suspension was centrifuged at 7000g for 40min and the supernatant was collected as the periplasmic fraction. Ammonium sulphate was added to 65% saturation, and the precipitate was collected oy centrifugation. The precipitate was resuspended in 3 ml 20 mMhistidine/HCl buffer (pH 5 . 9 , dialysed against 1 litre of the buffer and applied to a Pharmacia LKB Fast Protein Liquid Chromatography system equipped with a Mono Q HR 5/5 anion exchange column. The column was washed with 16 ml 20 rnM-histidine/HCl buffer and the fractions were eluted with 14 ml 0.9 ~-NaC1/20 mM-histidine/HCl buffer. Lecithin-dependent haemolytic activity of each fraction was assayed as described below and fractions with haemolytic activity were pooled. The LDH preparation thus obtained from the transformant is designated as Tr-LDH, while LDH produced by V. parahaemolyticus is designated as Vp-LDH.
To obtain a preparation of Vp-LDH, a clinical strain, V. parahaemolyticus MY 80-1 1 (Research Institute for Microbial Diseases, Osaka University, Osaka, Japan), was cultivated in HI dialysate medium [200 g HI medium powder dissolved in 1.6 1 water, and then dialysed against 6.4 1 1.5% (w/v) NaCl solution] at 37 "C for 40 h. The LDH preparation obtained by ammonium sulphate fractionation (65 % saturation) of the culture supernatant was suspended in 3 ml 20 mMhistidine/HCl buffer and dialysed against the buffer overnight. The dialysed preparation was centrifuged at 1OOOOOg for 120 min and the supernatant was used as a partially purified Vp-LDH.
Protein assay. The amount of protein was determined by the Lowry method with bovine serum albumin as the standard.
Determination of haemolytic activity. A 0.1 ml aliquot of sample solution containing 0.9% NaCl was mixed with 0.3 ml1.3% (v/v) sheep erythrocyte suspension in 0.9% NaCl/lO mM-Tris/HCl buffer (pH 7.5) containing 10 pg phosphatidylcholine (PC) (egg-yolk lecithin, type XIII-E, Sigma and the mixture was incubated at 37°C. After 1 h incubation, 2.5 mi 0.9% NaCl solution was added and the mixture was centrifuged at lOOOg for 15 min. Haemolysis was determined by measuring the AS4,, of the supernatant and the haemolytic activity, in haemolytic units (HU), was expressed as the reciprocal of the dilution of the haemolysin solution which showed 50% haemolysis.
Determination of phospholipase and lysophospholipase activity. Hydrolysis of PC to lysophosphatidylcholine (LPC) or LPC to glycerophosphorylcholine (GPC) was determined by measuring the decrease in the amount of fatty acid ester residues of the phospholipids by the hydroxamate method (Nishida & Tamiya, 1986) . Sample solution (40 p1) was mixed with 160 pl Tris/HCl buffer containing 0.125% Triton X-100, 0.025 M-C~CI,, 0-875 mM-EDTA and 2.5 mM-PC, and incubated at 37 "C for 30 min. Ethanol (400 pl) and 1 M-hydroxylamine/l.75 M-NaOH solution (200 pl) were added and the mixture was incubated for 30 min at room temperature. Finally 120 p1 3-3 M-HCl and loop1 FeCl, solution (50g FeCl,.6H20 dissolved in 10ml 3.6 M-HC~, and then diluted nine times with ethanol) were added and A S z o was measured.
Electrophoresis. PAGE was carried out by the method of Davis & Ornstein (1986) with 12% (w/v) acrylamide gel. SDS-PAGE was carried out by the method of Laemmli (1970) GLC of fatty acids. Fatty acids were converted to their methyl ester derivatives (Carreau & Dubacq, 1978) and analysed with a gas chromatograph equipped with a flame-ionization detector (GC-6AM, Shimadzu, Japan). Gas chromatographic conditions were as follows : column, 15% DEGS on Uniport HP (8CrlOO mesh), 1.5 m x 3 mm i.d.;
column temperature, 200 "C; N 2 flow rate, 50 ml min-'.
Preparation of antibody against LDH.
Two millilitres of a mixed emulsion of equal volumes of purified Tr-LDH solution (1 mg ml-I) and Freund's complete adjuvant was injected into the foot pads of a guinea pig. At 2 and 4 weeks after the injection, booster injections of 1 ml of the emulsion were performed, and antiserum was obtained by bleeding the animal at 5 weeks after the first injection. The antiserum was fractionated with ammonium sulphate (40% saturation) and the precipitate was collected as an IgG fraction. Control serum was prepared with the same method by injecting an emulsion of 0.9% NaCl/lO mM-Tris/HCI buffer and adjuvant.
Reagents. PC (egg-yolk lecithin type XIII-E), LPC (egg-yolk lecithin type I, l-palmitoyl-2-oleyl-PC, l-oleyl-2-palmitoyl-PC, PLase A2 (Naja naja venom) and PLase B (Vibrio sp.) were purchased from Sigma. Silica gel 60 was purchased from Merck.
Tr-LDH was purified from the periplasmic fraction of the transformant by ammonium sulphate fractionation and Mono-Q column chromatography ( Table 1) . The recovery of lecithin-dependent haemolytic activity was 144% of that of the periplasmic fraction. The specific activity was 21 times that of the starting material. Conventional PAGE of the final preparation showed two protein bands (Fig. la) . When the acrylamide gel column was embedded in lecithin/blood-agar gel [ 1 % (w/v) agar, 4% (v/v) sheep erythrocytes, 3% (w/v) NaCl, 10% (w/v) lecithin, 50 mM-Tris/HCl buffer, pH 7-51 and incubated at 37 "C overnight, a stretched haemolytic zone with a constricted part in the middle was observed around the protein bands. The constricted part was thought to be formed by overlapping of the two haemolytic zones around the two protein bands. The diameters of the haemolytic zones were measured (Fig.  lb) , especially at the constricted and swollen parts.
When the gel column was embedded in agar gel (1 % agar in 50 mM-Tris/HCl buffer, pH 7.5) and antiserum against LDH was applied in a trough parallel to the gel Davis & Ornstein (1968) . One gel was stained with Coomassie brilliant blue (a). Another gel was subjected to the haemolysin assay with blood-agar as described in Methods (b).
column, precipitin arcs were formed against both bands and the arcs fused with each other. These results suggest that the two proteins in the final preparation are both LDH. It is thought that the transformant produces two LDH proteins which are immunologically cross-reactive. SDS-PAGE showed that the molecular masses of the two Tr-LDH molecules were 43 and 45 kDa. The two proteins, small-and large-sized Tr-LDH, were designated as Tr-LDH(S) and Tr-LDH(L), respectively. The N-terminal amino acid sequences of the two LDHs were determined. As shown in Fig. 2 , both sequences were in agreement with the sequence suggested by DNA sequence analysis (Taniguchi et al., 1986) . Tr-LDH(S) seems to be a protein which has 15 Nterminal amino acids deleted from the Tr-LDH(L) molecule. If so, the molecular masses of these proteins can be calculated as 41 453 and 42 794 kDa, respectively. These values are roughly in agreement with the results from SDS-PAGE.
The final preparation of Tr-LDH that we obtained was a mixture of two proteins, but the above results suggest that both proteins are products of the same gene and have the same haemolytic activity. Therefore, this fraction was used for the study of properties of LDH in subsequent experiments.
Such different-sized LDH molecules were also observed in Vp-LDH. When the partially purified Vp-LDH fraction was applied to conventional PAGE and the gel column was embedded in PC/blood-agar gel, the two overlapped haemolytic zones were observed in the same place as those of Tr-LDH (Fig. 3) . In the gel diffusion test, Tr-LDH and Vp-LDH formed a fused precipitin line against anti-Tr-LDH antibody (data not shown).
It is well known that PLase A of snake or bee venom shows indirect haemolytic activity by hydrolysing phospholipids to lysophospholipids, which, due to their surface activity, dissociate erythrocyte membranes. Haemolysis by LDH is caused after the addition of phospholipid, suggesting that LDH has PLase A activity. Thus, the activity of LDH was compared with that of two reference enzymes: PLase A2 of snake venom TCA GCG TCT GAA Ser A l a Ser G l u Ser A l a Ser G l u Distance from origin (cm) Fig. 3 . PAGE of LDHs obtained from V. puruhaemolyticus (0,500 pg partially purified protein) and transformed E. coli (0, 50 pg purified protein). The electrophoresis was carried out by the method of Davis & Ornstein (1968) and the gel was subjected to the haemolysin assay with blood-agar as described in Methods. were subjected to the assay as described in Methods.
Tr-LDH (pg)
and PLase B of a Vibrio species. Fig. 4 shows the haemolytic activities of Tr-LDH and the reference enzymes in the test-tube method. Tr-LDH caused haemolysis at low, but not high, concentrations. On the substrates were incubated at 37 "C for 30 min and the hydrolysis was assayed by the hydroxamate method as described in Methods. other hand, haemolysis by PLase A2 was dose dependent, and did not disappear at high concentration. PLase B did not show any haemolytic activity at the concentrations used, although it has enough enzymic activity against DhosDholiDid. as shown below. Fig. 5 shows enzymic activity of Tr-LDH against PC and LPC, which was determined by measuring the decrease in the amount 01 ratty a~i u ester resiaues 01 me pnospnoiipias. I r -L u n showed almost the same degree of hydrolytic activity to both PC (diglyceride) and LPC (monoglyceride), suggesting that LDH hydrolyses both fatty acid esters of phospholipid at roughly the same rate. The ED5, values (50% effective dose: pg enzyme necessary to hydrolyse 50% of 400 nmol substrate in the assay system) for PC and LPC were almost the same, as shown in Table 2 . In contrast, PLase B was more effective on LPC, and PLase A 2 was effective only on PC (Table 2 ). These results suggest that LDH is an enzyme which hydrolyses both fatty acid esters of phospholipid but is different from PLase B in the rate of action against the two fatty acid ester residues. Fig. 6 shows the results of the phospholipid-agar gel assay of LDH and reference enzymes. Agar gel plates
(1 % agar in 50 mM-Tris/HCl buffer, pH 7.5) containing (2) and Tr-LDH (100 pg) (3) were placed into wells of agar gels containing phosphatidylcholine (a) or lysophosphatidylcholine (6) and the gels were incubated at 37 "C as described in Methods.
0.1 % PC (PC-agar) or 0.1 % LPC (LPC-agar) were prepared, the PLases were applied in the wells and the agar plates were incubated at 37 "C overnight. In PCagar (an opaque gel because of the insolubility of PC), PLase A2 formed a clear zone around the well, whereas Tr-LDH and PLase B formed a concentric circle, an outer clear ring and an inner turbid zone, the clear ring of PLase B being very thin compared with the inner turbid zone. Gradients of the enzyme concentration formed around the wells. These results suggest, therefore, that PC was partially hydrolysed to soluble LPC in the outer ring and LPC was further hydrolysed to GPC and insoluble free fatty acids in the inner ring. In LPC-agar (a translucent gel because of the solubility of LPC), on the other hand, PLase B and Tr-LDH formed a turbid zone because of insoluble fatty acid, whereas PLase A2 had no effect. Although the same amount of enzyme was applied to both gels, PLase B formed a larger zone in the LPCgel, whereas zones formed by Tr-LDH were almost the same in both gels. The extent of the clear or turbid circles in PC-agar corresponds to the progress of the PLase action, i.e. formation of the reaction products : LPC and a free fatty acid in the clear zone, and GPC and two free acids in the turbid zone. To confirm this, chloroform extracts of the circles were applied to a TLC plate. In the extract of the clear zone on PC-agar formed by LDH action, LPC and free fatty acid were detected. In the turbid zone, however, no LPC remained (data not shown). The phospholipid-agar assay thus demonstrated the different reactions of these PLases.
To determine which fatty acid ester of PC was hydrolysed first, PCs with two different fatty acid residues were used for the phospholipid-gel assay. Tr-LDH was applied to the agar gel containing such PCs, and the fatty acid liberated in the outer clear zone, in which only one ester was hydrolysed (as shown above), was determined by gas chromatography. When 2-oleyl-1-palmitoyl-PC was used, only oleic acid was detected, whereas palmitic acid was detected from the 2-palmitoyl-1 -oleyl-PC-agar, suggesting that LDH hydrolysed the ester in the 2-position in the first step (data not shown).
The LDH preparation used in this experiment is a mixture of two immunologically cross-reactive protein molecules. As shown above, the LDH preparation hydrolyses both fatty acid esters of the phospholipid. Therefore, one might suspect that the two proteins have different functions, one being a PLase A hydrolysing diglyceride to monoglyceride and the other, a lyso-PLase hydrolysing the monoglyceride. If so, only one of the two proteins should form a clear zone in PC-agar gel. When the gel of conventional PAGE was embedded in PC-agar gel, however, the double circled zone (outer clear and inner turbid) was formed around both protein bands, suggesting the identity of the activity of the two protein bands.
Discussion
LDH of V . parahaemolyticus was purified from the periplasmic fraction of E. coli C600 transformed by a recombinant plasmid, pHL591, containing a DNA fragment of the chromosome of V. parahaemolyticus.
Purification was accomplished in only two steps, ammonium sulphate fractionation and FPLC with a Mono-Q column. This was easier than purification from culture supernatant of V . parahaemolyticus, in which more steps are necessary and the yield is very low (unpublished observation). The LDH (Tr-LDH) obtained from the transformant seems to be identical with LDH produced by V . parahaemolyticus (Vp-LDH), because these LDHs showed the same mobility on PAGE and were cross-reactive in the immuno-gel diffusion test.
The preparation obtained was a mixture of two LDH molecules, LDH(L) and LDH(S). Application of the two proteins separated by conventional PAGE to blood-or phospholipid-agar gel revealed that both molecules have the same haemolytic and enzymic activities. The size of the cloned DNA fragment with the LDH gene is 1.5 kb, which is able to encode an approximately 50 kDa protein. Moreover, the fragment contains a promoter region. The sizes of LDH(L) and LDH(S) estimated by SDS-PAGE are 45 and 43 kDa, respectively. Therefore, it is thought that the two LDH molecules are products of the same structural gene, and are separated in the processing step. Two sites for signal peptidase may exist in the sequence. This was supported by analysis of the Nterminal amino acid sequence of LDHs. The sequences of the regions analysed roughly agreed with the sequence estimated from the DNA sequence (Taniguchi et al., 1986) . The sequences suggest that LDH(S) is a protein in which 15 amino acids of the N-terminal of LDH(L) are deleted. Such processing seems to take place not only in the transformant but also in the donor, V . parahaemolyticus, because the same haemolytic zones were observed around Tr-LDH and Vp-LDH migrated by PAGE.
The LDH of V . puruhaemolyticus has been thought to be a PLase A (Yanagase et al., 1970) . The LDH we obtained, however, hydrolysed not only PC to LPC but also LPC to GPC. PLase A is defined as an enzyme hydrolysing one of two fatty acid esters of phospholipid, and PLase B as an enzyme hydrolysing both esters. According to this definition, the LDH that we obtained should be classified as PLase B. However, the activity against LPC (mono-glyceride) of the typical PLase Bs obtained from various sources is much higher than that against PC (diglyceride). Our result in the PC-or LPCagar assays with a commercially available PLase B preparation also showed this property by PLase B. Therefore LPC formed by PLase B action seems to be immediately hydrolysed to GPC. PLase B has no haemolytic activity because the final product, GPC, is no longer a detergent. On the other hand, LPC formed by PLase A action is a detergent which disturbs erythrocyte membranes, leading to haemolysis. Although LDH hydrolyses LPC, the reaction rate is much lower than that of PLase B. Therefore, the intermediate, LPC, is relatively stable and present in sufficient quantity to cause haemolysis, although addition of too much LDH decreases the haemolytic activity because of the rapid hydrolysis of LPC. Thus LDH of V . parahaernolyticus is an atypical PLase, an exceptional PLase B, or a new type of enzyme which should be designated as PLase A,/lysophospholipase, which has been demonstrated in guinea pigs (Gassama-Diagne et al., 1989) . Such an enzyme was also reported in rats (Pind & Kuksis, 1989) , and Nishijima & Nojima (1974) reported that PLase Al of Mycobacteriurn phlei has some lysophospholipase activity . Misaki & Matsumoto (1978) reported purification of 1 y sop hos p holi pase of V. parahaemoly ticus. How ever, this enzyme is a hexamer which has a molecular mass of 89 kDa and cannot hydrolyse PC. Therefore, the LDH reported here is different from lysophospholipase.
